The genesis, growth and rupture of intracranial aneurysm (IA) are open questions in neurovascular medicine until the present moment. The complexity of aneurysm mechanobiology and pathobiology staggeringly combine intertwining biological and physical processes that are tightly connected. Recently, transition to turbulence in IA blood flow is thought to play a central role in IA growth and rupture as it can be directly linked to endothelial dysfunction. However, the problem of turbulence brings unprecedented complications to the topic. We found turbulence in IA to be of non-Kolmogorov type. For the first time, we detected inverse kinetic energy cascade in blood flow and in non-Kolmogorov turbulence. Here, we hypothesize that the near-wall turbulence undergoing inverse energy cascade have scales that could affect the mechano-signaling of endothelial cells. Our findings could be a paradigm shift in the contemporary theory of aneurysm hemodynamics.
BACKGROUND
Rupture of intracranial aneurysm (IA) is a major cause of nontraumatic subarachnoid hemorrhage (SAH). Aneurysm pathophysiology and mechanobiology are directly influenced by hemodynamics [1] . Experimental measurements[2] and numerical simulations [3] [4] [5] showed that blood flow in intracranial aneurysm (IA) exhibits transition to turbulence [6] and direct energy cascade [7] . Disturbed flow (i.e. transitional/turbulent) promotes proinflammatory and degenerative pathways in endothelial cells (ECs) [8] . Nevertheless, the exact flow parameters which influence different biological pathways and mechanisms remain unclear [9] . Computational Fluid Dynamics (CFD) contributed extensively to the hemodynamic theory of IA in the past three decades, however, resulted in numerous controversies and ambiguities. A complete account of the role of hemodynamics in IA pathobiology can be found in the recent review and meta-analysis by Saqr et al [10] . Some computational studies in the past few years pointed the importance of considering transition to turbulence in IA as a possible hemodynamic variable that could influence its growth and rupture [11] [12] [13] . However, there is no complete theory that correlates the features of IA transitional/turbulent flow to its pathophysiology and mechanobiology. In simple words, we know that the flow in IA is transitional/turbulent, however we do not know the characteristics of such flow and we do not know how such flow affects IA on cell and tissue levels. The present work sheds the light on these questions via experimental measurements.
Fluid turbulence is one of the everlasting mysteries of classical mechanics. Therefore, it is important to briefly revisit the theory of turbulence to appreciate the findings of the present work.
Turbulence is chaotic oscillations of a flow field that result in vortex cascade phenomena.
Richardson conceptualized the phenomena of vortex cascade in turbulent flows [14] . Kolomogorov formulated a statistical theory that describes the cascade of turbulence kinetic energy in homogenous isotropic turbulence [15] . Such theory dictates that kinetic energy transfers from large slow vortices to smaller and faster ones [16] . Then, two decade later, Kraichnan predicted the possibility of inverse energy cascade in two-dimensional Kolmogorov turbulence [17] . Kraichnan predictions were validated in later experimental [18, 19] and numerical [20] works and became an essential part of the statistical theory of turbulence. Then, inverse energy cascade, associated with isotropic homogenous turbulence, has been detected in geophysical flows [21] [22] [23] and most recently in Jupiter's atmosphere [24] . However, until the present moment there is no evidence on the existence of inverse energy cascade in non-Kolmogorov turbulence nor in biological flows.
Despite the fact that transition to turbulence of simple monoharmonic pulsatile flow in straight pipes is not fully understood [25, 26] , substantial evidence show that such flow could undergo transition to turbulence at = < 1000 and = √ < 3 [27] [28] [29] . Blood flow is a multi-harmonic nonsynchronous oscillating flow with 95% of the frequency spectrum falling below 12 Hz [30] . In addition to blood's waveform complexity, anatomical variations of arteries and aneurysm geometries dictates shear-driven vortex formation, shedding, precessing, and a multitude of complex flow physics that are yet to be unveiled [26, 31] . Direct numerical simulations of intracranial aneurysm hemodynamics showed that an intermittent direct energy cascade exists at ~500 and ~4 [7, 32] . The primary objective of this article is to prove the existence of non-Kolmogorov turbulence in pulsatile flow in an IA model at Reynolds number less than 400
and Womersley number less than 3. The secondary objectives are to characterize some of the features of such turbulence and propose a hypothesis to combine such features with the recent findings of endothelial cell response to local forces applied on the cell cytoskeleton. We have used well established methodology to conduct the Particle Image Velocimetry (PIV) measurements and analyze the results in frequency domain.
MATERIALS METHODS
An ideal ICA sidewall aneurysm geometry was fabricated as shown in figure 1. It was composed of a cylindrical artery of diameter d = 4 mm and a sphere of diameter D = 10 mm located at a distance of 6.25 mm [33, 34] . This geometry was used to mould 200 × 50 × 50 mm 3 box-type models made of silicone (R'Tech, Japan), considered as rigid, and 12 wt.% PVA-H (polyvinyl alcohol hydrogel), for greater compliance [35] , following a manufacturing process previously described in detail [36, 37] . A pulsatile flow pump (Alpha Flow EC-1, Fuyo Corporation, Japan) was used to reproduce physiological flow conditions, as shown in figure 2 , with a flow rate ranging between 200 and 300 mL/min [38] , and pressure between 70 and 120 mmHg [39] , with waveforms shown in figure (1-b) . The waveform period was T = 1 s and the time to peak systole was 0.3 s. LaVision GmbH, Germany). An adaptive multi-pass scheme (interrogation windows refined from 7 96 × 96 px to 48 × 48 px) was adopted with 75% overlapping and adaptive PIV option for the last pass. This adaptive PIV approach, as previously described [44] , calculates the optimal local interrogation window size and shape based on flow gradients and image quality. The interrogation window size is varied according to the flow gradient (standard deviation of the displacement field σ inside the interrogation window) and the correlation value, C, using a local weighting factor, W, where ̅ and ̃ are the mean and standard deviation of ̃, respectively. This parameter was evaluated for each point in the domain to plot ( , ). A two-dimensional local smoothing function [46] was applied to improve the readability of the 3D surface plots and better visualize the qualitative changes of energy or vorticity versus length scale and frequency.
RESULTS AND DISCUSSION
Using physiologically relevant in vitro intracranial aneurysm model, we investigated the kinetic energy cascade in frequency domain without using Taylor's hypothesis. The inverse cascade was detected in multiharmonic pulsatile flow using ms/µm laser PIV in rigid (silicone) and elastic (PVA hydrogel) sidewall aneurysm models suggesting its independence from wall compliance. The vessel to aneurysm diameter ratio used in this study was |̃| > 1, the use of Taylor's frozen turbulence hypothesis is inappropriate [47, 48] and the energy cascade is only available in frequency domain ( ) rather than the wavenumber domain ( ). Also, we found that Kolomogorov's − 5 3 cascade and corresponding scales do not apply (see figure 4 and table 2).
In table 2, the (+,-) signs denote inverse and direct energy cascades, respectively. In order to visualize length scale ℓ without using Taylor's hypothesis; time averaged field of ℓ was calculated locally at each measurement point and plotted as color map in figure 7-a (see methods section for details). We found that ℓ near the aneurysm wall had the order of 1~10
Kolmogorov
( figure 7-a) . In generalized two-dimensional Cartesian space, the kinetic energy in the vessel and aneurysm were plotted against length scale and frequency in figure 7-b and 7-c, respectively. We identified inverse energy cascade events at > 100 corresponding with ℓ = 1~10 (fig. 13 7-d). The energy levels at such values of ℓ have the order of 10 −3~1 0 −4 / . As we observed the inverse energy cascade, we noticed that at certain frequencies the inverse cascade spans all the aneurysm domain, therefore, we selected some of these frequencies to study the energy as function of the space domain, as in figure 8 . At = 154.33 , as shown in figure 8 -a, the aneurysm domain exhibits a spike of kinetic energy which brings the level of energy to similar levels of the dominant frequency( = 1 ). This energy spike is thought to be a hydrodynamic resonance resulting from self-sustained oscillations arising from the multiharmonic flow. Similar selfsustained oscillations have been briefly documented in the literature [49] , however, this is the first observation in multiharmonic pulsatile flow. . The direct cascade is evident in the vessel from 1 Hz to 200 Hz. In the aneurysm, a critical frequency of 154. 33 Hz was observed where the energy budget increases significantly in the flow domain which denotes transition between direct and inverse cascades, and shows the resonance mode arising from the self-sustained oscillations.
In an attempt to further investigate such phenomena, local vorticity in frequency domain was investigated, as depicted in figure 8 -c, and a non-characteristic near-wall high vorticity ring was detected at the critical frequency. In correlation with the length scales, the sudden increase in vorticity magnitude at the critical frequency was correlated with length scales as low as 2 , see figure 9 . Enstrophy ( = ∫ ω 2 (t) ds) was calculated and plotted in frequency domain, see ECs sense flow via a variety of cell surface and intracellular mechano-receptors [50] . One of the main mechano-transducers is the cell membrane glycocalyx (GCX) [51] . Glycocalyx was shown to sense and transduce the flow induced forces into cellular response [52] . GCX also was shown to undergo structural organization in response to flow, and these structural changes can impact the endothelial cellular response [51] . When we analyzed the near-wall ℓ that demonstrated the inverse energy cascade phenomenon, they fell into the micrometer range [54] . While this holds true for aneurysmal ECs, the ECs within the parent vessel are exposed to physiologic flow stress and thus exhibit a physiologic phenotype [51] . Thus, we argue that the that are yet to be discovered. The present work points to the fact that the classical differentiation between laminar and turbulent flow regimes, based on the Reynolds criteria for pipe flow, is inappropriate in the aneurysm problem.
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